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I. INTRODUCTION
It is known that negative ions of an element with negative electron affinity can be produced by electron attachment to a metastable atom. 1 This is the reason why negative ion beams of such elements, He − for example, are produced from a positive beam through two-step electron capture processes in alkali vapor cell. We have been developing a 1-2 MeV He − beam of 10 mA region, because it is demanded for the production of an energetic ground state He 0 beam to diagnose the alpha particle confinement in a DT burning plasma of ITER. 2, 3 The optimum beam energy for the He − production is in the range of 10-20 keV, therefore, the beam should be extracted at relatively low voltage. In addition, the beam should converge into a small size so that it passes through the charge exchange cell entrance and exit apertures, of typical size ranging 10-30 mm in diameter, in order to prevent the alkali vapor leakage.
Considering the low conversion efficiency (<2%) from He + to He − , an ampere-size He + ion source was constructed to obtain a 10 mA He − beam for ITER application. Extraction with concave electrodes 4 was chosen so that the extracted beam focuses into an acceptable size of an alkali vapor cell without using electrostatic lenses which extinguish the space charge neutralization. 5 We have reported on the design of the system, 5 the arc performance, 6 the preliminary results of the beam extraction, 7 and the optimization of the filament configuration. 8 A beam current more than 2 A was obtained at acceleration voltages of 20-25 kV with the arc power less than 10 kW. The 1/e-folding beam radius was about 15 mm. The focal length, however, was about 450 mm, much shorter than the designed value (750 mm), and the beam profile showed deformation from a concentric circle at the location about 0.5 m downstream the beam waist. 
II. EXPERIMENTAL APPARATUS
The ion source consists of a bucket type plasma chamber of 300 mm in diameter and a set of three concave multi-aperture electrodes. All three electrodes are made from molybdenum and they are actively water cooled at their rims. Figure 1 (a) shows the arrangement of the three electrodes, plasma grid (PG), extraction grid (EG), and grounded grid (GG). The PG is biased positively (V acc ) against the GG, and the EG is biased negatively (V dec ) against the GG. From the centre area of 100 mm in diameter, 301 beamlets are extracted with a voltage V acc + V dec and then decelerate with V dec through apertures 4 mm in diameter. Figure 1(b) shows the cross sectional view of one of the 301 extraction apertures.
The ion source was installed on the NBI-Teststand at National Institute for Fusion Science, with a 1 × 1 × 1 m 3 vacuum chamber for diagnostics. The beam current was measured by a Rogowski coil. 7 It was also estimated as I beam = I acc − I dec , where I acc and I dec were the acceleration and deceleration current, and by a current onto a carbon beam dump target (100 × 100 × t2 mm 3 ). Agreement among these three measurements was satisfactorily good 7 when the vacuum level was good. The carbon beam dump was installed on a movable frame, and the 2D temperature distribution of the target heated by the beam was observed from the backside of the target with an infrared camera (IRFlexCam Pro, Fluke) to obtain the beam profiles along the direction of the beam axis. The beam current shows almost linear dependence to the arc power and it is consistent with that the old electrode set. 7 The V dec dependence was studied by changing V dec in 0.2−1.3 kV with almost constant arc power and V acc in 11-12 kV. The V acc /V dec dependence of the beam current normalized by the arc power ( Fig. 2(b) ) shows the lower V dec is favorable, but the beam current diminished to almost 30% of that at V dec = 0.2 kV when it was close to zero. One of the roles of V dec is form a potential barrier to prevent electron back stream to the arc chamber. Figure 2(c) shows the V dec dependence of the filament resistance. While the arc power was kept constant, the electrical resistance was reduced, showing that the filament temperature was decreased by mitigating the electron back stream.
III. EXPERIMENTAL RESULTS

A. Extraction characteristics
B. Beam focusing characteristics
Two-dimensional beam image was measured by the infrared camera as the temperature distribution of a thin carbon beam dump target (t = 2 mm). The heat conduction in the target depth and radiation cooling from both surfaces is good enough for the resolution of the image. The change of the beam image was scanned along the beam direction by moving the carbon beam dump.
7 Figure 3 shows an example of the beam image (a) and the vertical and horizontal beam profiles obtained from the digitized temperature distribution (b). Concentric distribution of the beam density was confirmed. The 1/e-folding beam radius was estimated by fitting the profile by a Gaussian, and it was plotted as the function of the perveance, I beam /V acc 3/2 for z = 647 mm, 701 mm, 755 mm, 809 mm, and 862 mm in Fig. 3(c) , where z is the distance along the beam direction from the GG. The optimum perveance is about 0.02 A/(kV) 3/2 . Figure 4 shows z-dependence of the 1/e-folding beam radius at the optimum perveance of 0.02 A/(kV) 3/2 . The focal length, Z f , and the beam divergence, θ div , were obtained by fitting the dependence of the beam radius on the path length to the following curve:
where r 1/e,0 is net average radius of the extracted beam projected on the GG (z = 0 mm). The focal length, the beam divergence and the minimum beam radius were about 720 mm, ∼15 mrad, and 11.3 mm, respectively, while their designed values were 750 mm, <16 mrad, and <12.5 mm, respectively. 6 For comparison, the z-dependence of the 1/efolding beam radius using the old electrode set is shown as well in Fig. 4 .
IV. DISCUSSION AND CONCLUSION
The experimental results with the re-made set of electrode have resolved two problems of old electrodes, the shorter focal length and the beam shape deformation seen downstream. One of the possible reasons envisaged is the deformation of the concave electrodes due to the heat load in the arc chamber. In order to see the heat load effect, a thermocouple is attached on the PG, and the heat load was mitigated with a concentric collar cover on it with beam on/off. The experimental results showed that the most responsible heat load is that of arc power. Details are described in Refs. 9 and 10.
Present results showed that the ion source developed has satisfactory features for the application to the ITER diagnostic beam for alpha particle measurement, such that the beam was extracted at V acc less than 20 kV which is suitable for charge exchange to the negatives in an alkali vapor cell, and that the beam intensity of 2 A was obtained with the arc power less than 10 kW, with the beam radius less than 12 mm.
Present experiment, the arc discharge of the ion source is limited to less than 3% duty factor by the power supply system. In the actual application, the duty factor would be increased with a factor more than 5. The additional cooling would be needed but the substantial change of the source design will not be necessary.
